This is the problem of the 7 th international Experimental Physics Olympiad "The Day of the Inductance". A large inductance made by a general impedance converter is measured by the Maxwell-Wien bridge. The youngest students (S category) have the problem to measure the parameters of the elements in the experimental set-up. The students at middle age (category M) should balance a Wheatstone bridge with resistors only. The inductance measurement is supposed to be accomplished by the students from the upper age (L category) only. From the university students (XL category) we expect error estimation and professionally made measurement protocol. As a homework problem (Sommerfeld price) the general formula for the impedance of the general impedance converter, where the general equation for operational amplifiers is included, has to be derived. Problems for further work are also given in the text. The described set-up can be considered as a prototype for companies producing laboratory equipment.
I. INTRODUCTION
From its very beginning, the Experimental Physics Olympiad (EPO) is worldwide known; all Olympiad problems have been published in Internet 1-6 and from the very beginning there were 120 participants. In the last years high-school students from 7 countries participated and the distance between the most distant cities is more than 4 Mm.
Let us describe the main differences between EPO and other similar competitions.
• Each participant in EPO receives as a gift from the organizers the set-up, which one worked with. So, after the Olympiad has finished, even bad performed participant is able to repeat the experiment and reach the level of the champion. In this way, the Olympiad directly affects the teaching level in the whole world. After the end of the school year, the set-up remains in the school, where the participant has studied.
• Each of the problems is original and is connected to fundamental physics or the understanding of the operation of a technical patent.
• The Olympic idea is realized in EPO in its initial from and everyone willing to participate from around the world can do that. There is no limit in the participants number. On the other hand, the similarity with other Olympiads is that the problems are direct illustration of the study material and alongside with other similar competitions mitigates the secondary education degradation, which is a world tendency.
• One and the same experimental set-up is given to all participants but the tasks are different for the different age groups, the same as the swimming pool water is equally wet for all age groups in a swimming competition.
• One of the most important goals of the Olympiad is the student to repeat the experiment at home and to analyze the theory necessary for the understanding. In this way any even badly performed motivated participant has the possibility to be introduced to the corresponding physics field, even though there is no physics classroom in his/her school, even though the physics education in his/her country to be deliberately destroyed.
We will briefly mention the problems of former 6 EPOs: 1) The setup of EPO1 was actually a student version of the American patent for auto-zero and chopper stabilized direct current amplifiers. 1 It was notable that many students were able to understand the operation of an American patent without special preparation. 7 2) The problem of EPO2 2 was to measure Planck constant by diffraction of a LED light by a compact disk. 3) A contemporary realization of the assigned to NASA patent for the use of negative impedance converter for generation of voltage oscillations was the set-up of EPO3. 3 4) EPO4 4 was devoted to the fundamental physics -to determine the speed of light by measuring electric and magnetic forces. The innovative element was the application of the catastrophe theory in the analysis of the stability of a pendulum. 5) The topic of the EPO5 5 was to measure the Boltzmann constant k B following the Einstein idea of study thermal fluctuations of electric voltage of a capacitor. 6) The EPO6 6 problem can be considered as a continuation of the previous Olympiad. With a similar electronic circuit Schottky noise is measured and his idea for the determination of the electron charge is realized. Each problem given at a EPO can be considered as a dissertation in methodology of physics education.
In short, the established traditions is a balance between contemporary working technical inventions and fundamental physics.
The EPO problems are meant for high school and university students but are posed by teachers with co authorship with colleagues working in universities or scientific institutes. For colleagues interested in new author's problems for the needs of the contemporary physics education we share our experience in the description of the experimental set-ups described at a university level. These are for instance: 1) The determination of the Planck constant without light but only with electronic processes study; 8 this set-up requires the usage of an oscilloscope but in some countries the oscilloscopes are available in in the high schools physics labs and the prices of the former is constantly going down. The speed of the light without the usage of scales or high frequency equipment is another innovative set-up 9 for high school education. And the idea for this experiment is given by our teacher in electrodynamics Maxwell.
In the physics curriculum in all countries it is mentioned that the temperature is a measure of average kinetic energy of the gas molecules but the Boltzmann constant k B that gives the relation between energy and temperature is not measured in high school and even rarely in the best universities. The experimental set-up for k B by the method proposed by Einstein (the EPO5 problem) is described 10 as a set-up for university school lab exercise in a impact factor journal. But what larger impact an experimental set-up that is used by high school students from Kazakhstan and Macedonia and the surrounding countries can have. More than 100 set-ups were distributed around the world.
Similar thoughts can be expressed for the electron charge q e . This fundamental constant is also mentioned in the high school education as a humanitarian incantation but is not measured. We broke this tradition and described an experimental set-up (from EPO6) in the European Journal of Physics. 11 This set-up can be built for a week in every high school. The Schottky idea for determination of the electron charge by measuring voltage fluctuations is used. From the idea to the realization more than 100 years have passed and one of the reasons is that in many countries the largest enemy of the education is the ministry of education. The mission of the physics teachers in the worldwide progress is evident -precisely our science reshaped the world in the last century. Successful innovative EPO set-ups after some update can be manufactured by companies specialized in production of educational equipment like TeachSpin 12 for instance.
II. OLYMPIAD EXPERIMENTAL PROBLEM
The circuit of the experimental set-up for measurement of inductance by a bridge described by Maxwell is shown in Fig. 1 and a photograph of the set-up you have to put together to measure the given in the set inductance by the equation
The inductance itself is implemented by integral circuits, that are powered with 9 V batteries and is connected to the bridge with two other of the given cables, see Fig. 2 . At connecting the batteries you should be careful the orange label to be set against an orange label, at wrong polarity the used integral circuits (operational amplifiers) burn!
The resistance R C from the down side of the bridge is fixed. You have to use resistances from the given set for the different measurements. For resistance R L from the upper side of the bridge use the given potentiometer.
FIG. 1:
Maxwell bridge for inductance measurement L at known capacitor capacity C, resistor resistance RC and measured potentiometer resistance RL. The external voltage U with frequency f = ω/2π is applied between the pins (l) and (r). By rotating the potentiometer axis the voltage U ud between the pins (u) and (d) is minimized. To improve the bridge balance, switch the voltmeter to maximum precision. At the end measure the potentiometer resistance and use Eq. (1). When disconnecting the potentiometer, be careful not to touch its axis.
FIG. 2:
A photograph of the experimental set-up presented schematically in Fig. 1 . In the initial problem for category (M) the inductance (up left) is replaced by a resistor R1, and the capacitor (down right) with R3. The given resistor set is in the small plastic bag. Let the resistor down left to be with the largest resistance R4 initially. Confer Fig. 3 where R1 = Z1, R3 = Z3 and R4 = Z4 capital letters denote place in the bridge schematics. The wires of the external voltage applied to the bridge horizontally between the pins (l) and (r) are also seen. The balance of the bridge is accomplished by minimizing the vertical voltage between the pins (u) and (d).
Attach the capacitor C with nominal capacity 10 µF, its more accurate measured value is written in µF, on the down right branch of the bridge.
For a source of voltage use the cables reaching your working place, at repeating the experiment at home use a transformer and a voltage divider so that the voltage to be less than 5 V at frequency f ≤ 60 Hz.
If you have only an ordinary multimeter switch it to the smallest constant voltage (DC), 200 mV for instance. If you have a precise voltmeter for alternating voltage (AC), the bridge balance i.e. the minimizing of the voltage U ud between the up (u) and down (d) pins the bridge may be executed with mV precision.
In short, at fixed R C you change R L to minimize U ud or its fluctuations (random values around the average) if you use DC voltmeter and determine how many Henry (H) is the given inductance L. The main criterion for the evaluation of your work at the Olympiad is the reliability of the determination of the inductance L. If you have an idea how to accomplish this measurement work and describe the result from your measurement without reading the additional guiding text. We do not need humanitarian text, we will examine your protocol for clearly made tables, graphs and result from the measurement. The theoretical problems are given with the purpose to check the understanding of what is measured in cases of equal quality in experiment. We expect a larger part of the participants to have modest practice in conducting measurements and experimental data processing. That is why we offer a series of experiments, which are accessible for the youngest participants in category (S).
III. INITIAL EASY TASKS. S
1. Turn on the multimeter as a DCV and measure the voltages of the given 9 V batteries. Such batteries are inside your multimeters, too.
2. Turn on the incoming to you alternating voltage to the left (l) and the right (r) pins of the bridge from the set-up. Turn on the multimeter as an ACV voltmeter and measure this alternating voltage U between these two pins, using the "crocodile" cables "biting" the remaining free pins. This voltage has already been applied between the left (l) and the right (r) pins of the bridge, which you have to be balanced using a potentiometer.
3. Turn on the multimeter as an ohmmeter (Ω), measure the range of the given potentiometer, i.e. what resistances you can have by rotating its axis, R pot ∈ (R min , R max ).
4.
With maximum accuracy measure the given resistors r i , i = 1, . . . and write down the results in a table.
5. How many mV is the difference between 1 2 V and 1 3 V?
IV. TASKS M 6. Take 3 resistors from your set, for instance the smallest ones r 1 , r 2 and r 3 . Mount them on the given bridge by twisting their electrodes. Schematically this is presented in Fig. 3 , as Z 1 = r 1 (up left, middle 2 holes), Z 3 = r 2 (down right, connects two triple board connectors), Z 4 = r 3 (down left, middle 2 holes). Let us repeat: in the three quadruple board connectors the electrodes have to be connected in the 2 middle holes. The outer holes should be connected with the Π-shaped jumper wires given in the set. Fig. Fig:foto at different positions of the potentiometer axis. In this way we simulate the operation of a sensitive and expensive galvanometer, which is rarely present operational in schools.
Follow in
When you balance the bridge, be careful not to touch the potentiometer axis. Disconnect the potentiometer and connect it to a multimeter in an ohmmeter Ω regime with maximum allowed precision and write down the potentiometer resistance Z 2 = R pot , taken out from the up right position of the bridge. The problem for bridge balancing with ohm resistances is central for the Olympiad because it illustrates an idea that can be realized in many other cases, for instance measurement of inductance which is the problem of the next category.
12. After you have measured the resistance of the potentiometer Z 2 = R pot after you have balanced the bridge and you have previously measured the resistances placed in positions Z 1 , Z 3 , and Z 4 calculate the ratios Z 1 /Z 2 , Z 4 /Z 3 , their difference Z 1 /Z 2 − Z 4 /Z 3 , and most importantly the dimensionless number
If you have time, replace the resistors, balance the bridge and repeat the measurements again. Use other resistors from the kit. Represent the results in a table.
V. TASKS L After you finish the category (S) and (M) problems connect the 9 V batteries to the inductance L and measure it.
13. More precisely, connect the 9 V batteries to their holders (clips). 18. Connect a resistor down left with resistance closest as possible to 1 kΩ. Check whether there is anything forgotten and the bridge is a closed circuit.
19. Using the "crocodiles" connect a voltmeter between the pins (u) and (d). The multimeter initially has to be connected as an alternating current voltmeter ACV. 20 . Rotate the potentiometer axis and try to minimize the voltage U ud . This is a comparatively easy task because the multimeters in the alternating-current voltage (ACV) mode have little precision and the bridge is approximately balanced.
21. Now, the most complex part of the problem follows, do not lose patience and do not discourage. These measurements may take an hour and require patience. Switch the multimeter as a direct current voltmeter (DCV). The suitable range you will find yourself. The voltage changes constantly (fluctuates) and has random values in some interval (U min , U max ).
Carefully rotate the potentiometer axis, wait and see whether the difference |U max − U min | has become less. The goal of the measurement is to minimize this difference, for which optimism, patience and a little chance are required.
22. When you finish with the measurement, carefully disconnect the potentiometer being careful not to touch its axis and measure the resistance R pot . After which the calculation of the inductance is a task for a calculator. If you have time, repeat the measurements using the remaining resistors from the given set up to the end of the Olympiad and again calculate the inductance L for each one of them.
Here the experimental (the most important) problems of the Olympiad end. The theoretical problems follow, which give fewer points and are important at equal experimental achievements.
VI. THEORETICAL PROBLEMS. L
A. Bridge Balance 23. A schematic of a bridge that is balanced in equilibrium, i.e. when a voltage U is applied to its left (l) and right (r) pins, the voltage difference between its up (u) and down (d) pins U ud = 0 is zero, is given in Fig. 3 . Show that in these conditions we have equality between the relations of the resistances from the left and right side of the bridge
B. Maxwell Bridge Balance 24. The Maxwell bridge for inductance measurement with alternating current is shown in Fig. 4 . When between the pins (l) and (r) an alternating (time dependent t) voltage
where U 0 is the amplitude of the sinusoidal signal, ϕ 0 is its initial phase and ω = 2πf is the angular frequency. We can use the same condition for the bridge balance Eq. (3), but applied for frequency dependent resistances Z(ω), which we call impedances. For instance, for the circuit shown in Fig. 4 we have real impedances
confer Fig. 3 . For our set-up R C is a metal layered resistor with fixed resistance and R L is a potentiometer whose middle electrode (leg) should be used. For the other two branches of the bridge we should use the impedances of the inductances Z 1 = Z L and the capacity Z 3 = Z C , for which we have the general formulae
In our treatment it is not necessary to use j = −1/j and j 2 = −1. Derive Eq. (1) for the inductance determination at known capacity C and resistances R C and R L from the Maxwell bridge. Illustrate the formulae with numerical example from a measurement of yours. Fictitious conductors between the points whose potentials are equaled by the operational amplifiers U5 = U3 and U3 = U1 are drawn. It is shown that through these fictitious wires current does not flow. Ohm's law is applied for the impedances Z1, Z2, Z3, Z4 and Z5 and the formulae are the same, if these are resistors only. The problem is the impedance to be calculated, i.e. the relation Z = U/I between the voltage U between the points (A) and (B) and the current, which flows between these electrodes. The variables in this problem are independent from the same from the other sections.
25. The circuit of the general impedance converter is shown in Fig. 5 . On the left schematic with triangles are denoted operational amplifiers that create such an exit current from the triangle vertices that the potentials denoted with (+) and (-) on their sides are equaled. The batteries powering these operational amplifiers are also shown on the left figure. On the right schematic these insignificant details are omitted. The points with equaled potential are substituted with wires. The power supply is also missing, the exit currents from the triangle vertices are represented as external currents incoming in the circuit.
The batteries, capacitors and the word operational amplifier are shown only to discourage the uncertain in themselves students. For the same reason instead of a resistor, we use the word impedance, but the formulae are the same. And the problem is much simpler than problems given in algebra homework.
When applying Ohm's law for the impedances Z 1 , Z 2 , Z 3 , Z 4 and Z 5 , find the relation Z ≡ U/I between the input voltageU and the input current I shown in the schematic.
Instructions: Let us repeat the general rule for the exit current from the operational amplifiers: from the triangle vertices such a current flows out that the potentials at the points (+) and (-) on their vertical sides are equaled. For instance the current I L flowing out from the vertex of the left triangle equals the potentials in the points (3) and (5) Answer:
do the derivation! 26. How the general impedance converter can be used for creation of large inductances with very good quality, using only resistors and capacitors?
VII. HOMEWORK PROBLEM: GENERAL FORMULA FOR THE GENERAL IMPEDANCE CONVERTER. XL 27. General setup. At difficulty level this problem corresponds to student level but every high school student with practice in algebra can perform the derivation in a day. The difficulty is that you are tired enough by the Olympiad. Take a rest and try to continue working. The solution should be sent during the night after the Olympiad until sunrise to the Olympiad email address epo@bgphysics.eu. The best solution will win the Sommerfeld price with monetary equivalent of DM137. The sum is given only personally on the morning at 11:00 (8 December 2019), but if you have left, the prize is co-authorship in the solution of the problem, which will be published in the space of a week.
Introduction: The equaling of the potentials at the input of the operational amplifier is only a low frequency approximation known as golden rule for the operational amplifiers. In the general case we have the relation 13 between the input and output voltages
where U + and U − are the operational amplifier input voltages, U 0 is the output voltage, G 0 is a large number, so that frequently 1/G 0 is negligible, ω is the frequency of the alternating electric field and τ 0 is a small constant with time dimensionality, which is parameterised with the frequency f 0 called crossover frequency of the corresponding operational amplifiers. In our case we have
For a double operational amplifier α ≈ β.
Problem: Eq. (7) is derived assuming that α = β = 0. For applications in electronics it is necessary the general dependence of the impedance of the converter Z(Z 1 , Z 2 , Z 3 , Z 4 , Z 5 ; α, β) to be derived. Perform the corresponding calculations and check that your function satisfies the condition lim α→0, β→0
In short: derive the frequency dependence of the impedance of the general impedance converter using the general equation for the operational amplifiers.
Instruction. You can use Internet, you can consult professors in physics and electronics anywhere in the world, you can work together. At the end like a scientific article describe how this result has been obtained, who you are grateful for the consultation, which books or articles you have used or which websites you have visited. Check whether this problem has not been solved somewhere and give citations of the article that you have remade in your derivation. Good luck! 29. The main goal of the Olympiad is to repeat the experiment at home or in the physics classroom in your school. Ask your physics teacher whether he/she can give you an alternating voltage generator and an AC voltmeter for measurement of small alternating voltages to work with. We recommend the voltage U applied to the bridge between the points (l) and (r) to be less than 2 Vand the frequency below 20 Hz.
30. Search in Internet in which countries commercial educational equipment illustrating the impedance measurement with bridges is used.
31. If you do not have a voltage generator, use the power supply frequency from 50 Hz (or 60) but in this case you should use a secure transformer. Turn to your parents. The voltage which you can use should mandatory be below 36 V; larger voltages are life threatening and are forbidden for usage in high school education! But for your set-up voltages larger than the power supply voltage of the 9 V batteries are dangerous for the operational amplifiers. We recommend that voltages larger than 6 V not to be applied to the bridge. The art of the experimenter is to measure weak signals. In short, measure again the given inductance. Compare your results with the measurements of specialized devices for measurements of inductances; look for physics colleagues for assistance.
32. Another goal of the Olympiad is to learn to understand physical and technical articles, see for instance Refs. 14,15.
FIG. 6:
The gyrator is the most well-known circuit for simulation of inductance without coils and diamagnetic core and only with two resistors R R λ , a capacitor C an an operational amplifier, whose exit current equals the potentials of the voltage inputs (+) and (-), see Eq. (11) .
The circuit of the so-called gyrator is shown in Fig. 6 . Use your knowledge that you have acquired at the analysis of the theoretical problems at the Olympiad and derive the approximate formula for the impedance of the gyrator
This is another way for making of large inductances but unlike the inductance made by GIC, the inductance of the gyrator has larger ohmic resistance.
33. Think about how the inductance from the Olympiad set-up can be connected in a high quality resonance contour. This would be a very good development for the international competition "Devices for the physics classroom". 16 We are looking forward to meet you in Sofia on 6 June (Saturday) 2020. 36. Turn to your teacher or a colleague physicist and if one has a LCR-meter ask him/her to show you how the inductance and the capacitance from the set-up are measured. Check the precision of the method in which no specialized devices are used but only a universal multimeter.
37. The notion inductance is frequently used in the high school courses in physics. Check in which countries there is a lab exercise in inductance measurement.
38. Take the inductance and the capacitance in your pocket, enter an electronics store as a buyer and measure for two minutes these 2 parameters L and C. What is the precision you achieved at the Olympiad?
39. Invent a technical application of our inductivity and implement it.
40.
A task for the youngest ones from category (S). The measurement of the inductance is itself quite simple. Rotate a potentiometer axis until voltage is minimized. Ask a senior than you co-student or a teacher to connect the circuit for you and you to make the measurement and the inductance calculation. Later, when you study what inductance is you will much better understand the new material.
41
. At the website of the organizers, the best works are published scanned. Repeat the experiment carefully and enjoying yourself describe the experiment even better. The main goal of the Experimental Physics Olympiad is to prepare you for further work. For a beginning reach the level of the EPO7 champion. We wish you success.
IX. EPILOG
During EPO7, hundred students tried to measure the inductance of a GIC using a modified Maxwell bridge setup. Of them, more than thirty managed to get some kind of a result, and around twenty of them measured the inductance withing the expected value. The absolute champion measured his inductance within one significant digit and solved the theoretical problem of the Olympiad. This year a new country joined the Olympiad. Six students from Montenegro took part and received two prizes. With this the greatest town distance of the Olympiad is from Podgorica, Montenegro to NurSultan in Kazakhstan.
All in all, this Olympiad was a worthy continuation of the now well established tradition that is slowly maturing towards its first big jubilee.
Here the organizers of EPO7 would like to acknowledge everyone who helped in the preparation of this wonderful competition including, our students who for several days had their lunch and dinner at the faculty: Sofija Jakimovska, Maja Koneva, Verica Mitrevska, Valentina Nikolikj; The president of the Society of Physicists of Macedonia, prof. Lambe Barandovski and Kemet Electronics -Macedonia for the supply of the operational parts. We would like also to thank to the friends of EPO -Peter Todorov, Martin Stoev, Nikola Serafimov, Victor Danchev.
Expecting you all at EPO8.
This text is designated for colleagues designing principally new set-ups for the education. The following of the traces of the printed circuit board is a good starting lesson in electronics. The printed circuit board presented in Fig. 7 is a typical example how with modest resources the high school education can be significantly renewed. The cheap highly technological products give the possibility for a significant price FIG. 7: A drawing of the printed circuit board through which the inductance of the set-up schematically shown in Fig. 5 is made. The wider traces are the power supply and the grounding (the middle point from the 3 ones is with zero potential UCOM = 0). To these 3 points 3 pins are soldered to which a board connector with the conductors coming from the batteries is connected. The ground is at the same time one of the inputs of the general impedance converter (GIC) through which the inductance from the EPO7 set-up is realized. The most important GIC input is down to the right where the input voltage U is applied and the input current I enters. It is easily seen the place of the large capacitor Z2 = 1/jC. The small capacitors are between the ground and the power supply voltages. The resistor r3 is under the 8 electrodes on which the socket of the operational amplifier AD712 17 is soldered. The resistor r1 is placed vertically on the left. On the right r4 is vertical and r5 is mounted horizontally.
decrease of the educational experimental set-ups. Not a demonstration device in the physics classroom, but set-ups which all children from the class can simultaneously use in a random classroom. We address the colleagues inventing new problems with a view towards the future. In the colleges of some countries oscilloscopes are used for a long time and their prices constantly go down. It is quite realistically in a few years oscilloscopes to be used at the Experimental Physics Olympiad. For low frequencies the computers themselves can be used as oscilloscopes and this has widely entered the education. Let us consider what principally new problems can be solved in this process of democratization of the high technology.
